Abstract. In this paper, for the first time, from the perspective of intercept receiver, based on the cyclic autocorrelation accumulation factor (U value), the low probability of intercept (LPI) performance of several traditional radar signals, COCS P4-MCPC radar signal and Chaos-MCPC radar signal are evaluated by simulation with some quantitative analyses. The simulation results show that when the reception SNR is low, regardless of low or high repetition frequency, the Chaos-MCPC signal possesses the best LPI performance.
Introduction
With the development of electronic countermeasure (ECM) and reconnaissance technique, the electromagnetic environment become more and more complex. In order to enhance the viability of the radar, in 1980s, Schleher firstly proposed the theory of low probability of intercept (LPI) radar, and put forward the concept of intercept factor based on LPI radar equation [1] . Because LPI radar can be used for avoiding the signal interception of the third-party reconnaissance receiver when tracking target, LPI radar has been extensively used in military activity.
However, in the past two decades, with the advancement of the interception technique, the subsistence of the traditional LPI radar become being challenged. In order to further enhance the viability of the LPI radar, a lot of researchers have begun to study the design of LPI radar signal. For example, after orthogonal frequency-division multiplexing (OFDM) was introduced into radar system by Jankiraman et al. in 1998 [2] , a lot of research work about the design of LPI signals based on OFDM have been carried out and a lot of LPI signal based on OFDM have been proposed. One of the representative LPI signals is the MCPC signal which was proposed by professor Levanon in 2000 for the first time [3] . Recently, many scholars at home and abroad reported that the MCPC signal has a better LPI performance than traditional LPI signal [4, 5, 6, and 7] . Nevertheless, the analyses of the LPI performance of the MCPC signal are generally based on its ambiguity function [8] , while the quantitative analyses of the LPI performance of the MCPC signal are lacked. In order to realize the quantitative analysis of the performance of the LPI signal, a method based on cyclic autocorrelation accumulation factor (U value) was proposed by our previous work [9] .
In this paper, based on U value, we evaluate the LPI performance of two MCPC signals including the chaotic binary phase code based MCPC signal (chaos-MCPC) and P4 cyclic shift code based MCPC (COCS P4-MCPC). In the simulation, a comparison is made between the LPI performance of the MCPC signals and the LPI performance of the normal LPI signals. The simulation results show that the MCPC signals possess a better LPI performance than the normal LPI signals. Meanwhile, it is also demonstrated that the LPI performance of the chaos-MCPC is better than that of the COCS P4-MCPC. To the best of our knowledge, our work is the first time to verify the LPI performance of the chaos-MCPC in a way of quantitative analysis.
Cyclic Autocorrelation Accumulation Factor (U value)
Cyclic autocorrelation method is an effective method to detect and intercept the periodic radar signals. It can be used in interception receiver for assisting the interception behavior. And it also can be used for analyzing the LPI performance of different radar signal. In our previous work [9] , based on the cyclic autocorrelation method, the U value is proposed for evaluating the LPI performance of radar signal. The U value can be obtained as the following processes.
Firstly, according to the equation of radar detection and reconnaissance range [1] , the LPI factor can be obtained and it has a special relationship with the processing gain of radar receiver and reconnaissance receiver as the following equation:
Where α is the LPI factor, D i is the processing gain of the reconnaissance receiver and D r is the processing gain of the primordial radar receiver.
According to Eq. (1), when there are several different signals which are with the same time-bandwidth, average power, and processing gain of the radar receiver D r , one of these signals which has a lower processing gain of reconnaissance receiver, will be with a better anti-interception performance. Hence, the LPI performance of these signals can be evaluated by using the processing gain of reconnaissance receiver instead of the LPI factor.
Assumed that the thermal noise of the reconnaissance receiver is Gaussian white noise, and the signal-to-noise ratio (SNR) is far less than 0 dB, by using the analytical method based on cyclic autocorrelation and according to the analysis method proposed in Ref. [9] , the gain of the reconnaissance receiver can be obtained as 
where s(n) is the radar signal, N 1 is the signal period, N 2 is the width of one pulse in the signal, N 3 is the amount of the pulses in the signal, δ( ) is the unit pulse function, and m(0≤m<N 2 /2) is the time delay for the cyclic autocorrelation. Obviously, as derived in Ref. [9] , when N 3 is a specific number, when using Di to evaluate the LPI performance, it is equivalent to use the following equation: Where U is the cyclic autocorrelation accumulation factor. And according to Eq. (1) and Eq. (3), it can be found that when the U value of a radar signal is smaller, the anti-interception performance of the signal is better.
Multi-carrier Phase Code (MCPC) Pulses Signal
By introducing the phase encoding technique into OFDM, the MCPC pulses signal was proposed in 2000 [3] . As we know, in general, the MCPC pulses signal can be uniformly expressed as
Where N is the subcarrier number and M is the amount of the phase codes modulated on each carrier, a n,m is the m-th element of the phase code sequence modulated on n-th carrier and t b is the unit code duration, the frequency difference between two adjacent carriers is Δf=1/t b , and the complex weight associated with the n-th carrier is [3] and chaos-MCPC [7] have been proposed, respectively. In this paper, the two kinds of MCPC signal are mainly studied.
COCS P4-MCPC.
P4 code is a kind of poly-phase code with ideal periodic autocorrelation property. Its phase sequence is defined as
Where M is the code amount, 1≤m<M. After P4 code is used in MCPC, by shifting the P4 code in a consecutive cyclic way for encoding the subcarriers of the MCPC signal, the COCS P4-MCPC can be obtained as
Where a mod(n+m-1,M) is the m-th element of the sequence modulated on the n-th carrier and it equals to
Chaos-MCPC.
Because the chaotic sequence is of good controllability and can be simply generated with unlimited length, the chaotic sequence is been widely used in the field of radar signal processing. It can be used in LPI radar system. And based on chaotic sequence and specific mapping scheme, chaos-MCPC radar signal can be obtained [7] . In this paper, based on Bernulli mapping scheme, the binary phase chaotic coded MCPC is investigated. In our scheme, the chaos-MCPC signal can be expressed as 
Simulation Setup and Results
In the MATLAB-based simulation, when the simulation system and condition is set as the same with the simulation system and condition in Ref. [9] , e.g., the reception SNR is also set at 0 dB, a comparison is made between the two MCPC signals and the traditional LPI radar signals including BPSK, PN-OFDM and SCAPW-OFDM signals. In order to make a fair comparison, some key parameters of these signals are set at the same constant. For example, the pulse width N 2 of these signals are set at 256, the averaging power E of these signals are set at 256, and the time-bandwidth product of these signals are set at 32, etc.
Firstly, the ambiguity functions of these signals are simulated and demonstrated in Fig. 1 (a) ~ (e). It is reported by some previous researches [8] that LPI performance of a radar signal can be reflected from its own ambiguity function to some extent. However, as shown in Fig. 1 (a) ~ (e), it is difficult to distinguish the LPI performance of these signals so that the LPI performance comparison is difficult to be realized.
Secondly, by varying the period N 1 of these signals in (512, 1024, 2048, 4096), i.e., the duty cycle of these signals is set at 1/2 or 1/4 or 1/8 or 1/16, the U value of these signals are calculated. Fig. 1 (f) shows the curves of the U value versus duty cycle of these signals. Obviously, the LPI performance of the Chaos-MCPC signal is better than that of the other signals. And when the value of the duty cycle is higher, the performance advantage of the Chaos-MCPC signal become more obvious. Most importantly, it can be found that no matter when the value of the duty cycle is low or high, i.e., regardless of low or high repetition frequency, the chaos-MCPC signal possesses the best LPI performance and the LPI performance of the MCPC signal is always better than that of the other signals. This quantized result further verifies that phase coding can be used in OFDM for effectively enhancing the LPI performance.
Conclusion
In this paper, by using U value, through numerical simulation, for the first time, the LPI performance of BPSK, PN-OFDM, SCAPW-OFDM and two kinds of MCPC including COCS P4-MCPC and Chaos-MCPC are compared. The simulation results show that the LPI performance of the MCPC signals are greatly superior to the traditional signals such as BPSK and PN-OFDM signals. Most importantly, the results also verify the superiority of the LPI performance of the Chaos-MCPC signal. 
